INTRODUCTION
The concept of ecosystem services represents a new view on the relationship between society and nature. Ecosystem services are defined as the benefits people obtain from ecosystems (Millenium Ecosystem Assessment (MA) 2003 ). An overview of the current situation shows that nearly two-thirds of ecosystem services are found to be in decline worldwide (MA 2003) To better understand the status of these ecosystem services, the scientific community has undertaken a major effort under the auspices of the Millennium Ecosystem Assessment to assess both the current and future status of ecosystem services worldwide. A comprehensive MA scenario analysis has addressed the central question: "what will be the magnitude of changes in ecosystem services over the coming several decades?" (Carpenter et al. 2005) . The scenario analysis produced two interlinked products, a set of qualitative scenarios and a set of quantitative scenarios. This paper presents the main results of the quantitative scenarios, and the simulations used to derive them. We begin with an explanation of the global modeling analysis, followed by a description of the quantitative drivers of the scenarios. We then describe results of the scenarios, and discuss their uncertainty; finally, we provide an overview of some of the main conclusions derived from them.
METHODOLOGY
Scenarios are defined in the MA as "plausible descriptions of how the future may develop, based on a coherent and internally consistent set of assumptions about key relationships and driving forces." The formal procedure by which scenarios are developed, compared, and evaluated is called scenario analysis. A key objective of scenario analysis is to explore alternative future developments, and in the MA scenario analysis, four scenarios (Global Orchestration, Order from Strength, Adapting Mosaic, and TechnoGardensummarized in Table 1 ) were developed and compared. The four scenarios are distinguished by a tendency toward either stronger globalization or stronger regionalization, and by their emphasis on either economic growth or proactive management of ecosystems and their services (Table 1) . In this paper, we describe how a set of models was used to evaluate future trends in ecosystem services implied by the quantitative scenarios.
The qualitative MA scenarios, or storylines, were generated through a set of dialogue workshops involving both experts and stakeholders, whereas the quantitative scenarios were computed by a set of global models. These two approaches are considered to be complementary. Qualitative scenarios allow greater flexibility in incorporating insights from different stakeholders and experts, and can be a platform for creative thinking. Quantitative scenarios can be used to test the assumptions of the qualitative scenarios, and provide geographic detail and numerical results that qualitative scenarios usually cannot provide.
The quantitative scenarios were developed as follows. First, a set of scenario drivers (defined below) were derived from the logic of the scenario storylines. Next, the drivers were input to a suite of state-of-the-art global simulation models covering different aspects of the global economicenvironment system (Table 2 and Fig. 1 ). These models were soft-linked, in that output files from one model were used as input files to another (Fig.  1 ). † The models were then used to compute temporal and spatial changes in ecosystem services. An overview of technical details of each of the models, as well as their main sources of uncertainty, is presented in Alcamo et al. (2005a) . Readers can obtain more information by consulting the references cited later when particular model results are discussed.
We focus on results for 2050 as a compromise between the shorter time horizon of typical agricultural or urban prospective studies and the longer time horizon of climate impact studies. The year 2050 also provides a long-term perspective on the ecological consequences of current actions and policies. Where appropriate, we also provide information up to the year 2100.
DRIVERS OF FUTURE ECOSYSTEM SERVICES
The capacity of ecosystems to provide services is determined by many human-induced factors that cause changes in an ecosystem. Direct drivers have a direct influence on ecosystem services, whereas indirect drivers operate indirectly, often by altering one of the more direct drivers (MA 2003) .
Indirect Drivers
The main indirect drivers taken into account in our analysis are: q Population development. In the MA scenarios, global population in 2050 ranges from approximately 8.1 billion under Global Orchestration to 9.6 billion under Order from Strength, with slow or even negative growth rates within industrialized regions, and higher growth rates in developing countries (Table  3) . Global Orchestration Globally connected society that focuses on global trade and economic liberalization. Takes a reactive approach to ecosystem problems, but also takes strong steps to reduce poverty and inequality and to invest in public goods, such as infrastructure and education.
Order from Strength Regionalized and fragmented world, concerned with security and protection. A world that emphasizes regional markets, paying little attention to public goods, and takes a reactive approach to ecosystem problems.
Adapting Mosaic
Regional watershed-scale ecosystems are the focus of political and economic activity. Local institutions are strengthened and local ecosystem management strategies are common; societies develop a strongly proactive approach to the management of ecosystems.
TechnoGarden
Globally connected world relying strongly on environmentally sound technology. This world uses highly managed, often engineered, ecosystems to deliver ecosystem services, and takes a proactive approach to the management of ecosystems in an effort to avoid problems.
by a factor of four. Although the economic growth of industrialized countries slows down, the growth of developing regions is higher than between 1971-2000 (Table 4 ). Energy and agricultural demand and production have an ambiguous status in the MA scenarios. They are indirect drivers because they influence direct drivers such as greenhouse gas emissions and land-use change. But productions of biofuels and food are also considered ecosystem services, as explained later in this paper.
In the modeling analysis, we specify the future trends of indirect drivers in a way consistent with the storylines of the scenarios. For example, statements about high or low mortality in the storylines were interpreted to mean that the trend in mortality is in the upper or lower 20% of probabilistic demographic projections. The assumptions for indirect drivers are described in Alcamo et al. (2005a) and Nelson et al. (2005) .
Direct Drivers
The direct drivers taken into account in the MA scenario analysis include greenhouse gas emissions, air pollution emissions, risk of acidification and http://www.ecologyandsociety.org/vol10/iss2/art19/ (Rosegrant et al. 2002) .
WaterGAP
Model developed at the University of Kassel in Germany; computes global water use, availability, stress, and return flows on a river basin scale (Alcamo et al. 2003a (Alcamo et al. , 2003b (Alcamo et al. 1998 , IMAGE-team 2001 .
Ecopath with Ecosim
Model developed by the University of British Columbia in Canada; computes dynamic changes in selected marine ecosystems as a function of fishing efforts (Pauly et al. 2000) .
Aquatic Freshwater Biodiversity model Developed as part of the Millenium Ecosystem Assessment; identifies changes in the number of fish species on a river basin scale as a function of changing river runoff (Sala et al. 2005 , Xeonoupoulus et al. 2005 ).
Terrestrial Biodiversity model Developed as part of the Millennium Ecosystem Assessment; computes aggregated changes in terrestrial biodiversity as a function of loss of habitat, climate change, nitrogen deposition, and introduction of alien species (Sala et al. 2005) .
excess nitrogen emissions, climate change, sea level rise, changes in land use and land cover, the use of nitrogen fertilizers, and nitrogen loading to rivers and coastal marine systems. A detailed description of the quantitative estimates for direct drivers in the MA scenarios are given in Alcamo et al. (2005a) and Nelson et al. (2005) . Changes in land use under the MA scenarios are described later in this paper.
In the following paragraphs, we describe the trends of two important direct drivers, climate change and nitrogen loading to coastal marine ecosystems.
Climate change
The IMAGE 2.2 integrated assessment model is used to compute the trend of greenhouse gas emissions as a function of energy and agricultural production in the MA scenarios (Alcamo et al. 1998 , IMAGE Team 2001 
Nitrogen loading to coastal marine systems
Human activities, in particular agriculture and industry, have greatly modified the flux of nitrogen at the global scale (e.g., Green et al. 2004 ). This includes not only increasing levels of nitrogen deposition from the atmosphere, but also an increased loading of nitrogen from rivers causing the eutrophication of coastal marine systems. The change of loading at a global scale has been estimated for the MA scenarios by using the model of van Drecht et al. (2003) , and by estimating changes in nitrogen deposition, use of nitrogen fertilizers and manure in agriculture, and release of nitrogen from sewage systems. With the exception of the TechnoGarden scenario, the MA scenarios show an increase in global river loading to coastal ecosystems ranging from approximately 10% to 30% (depending on the scenario) between 1995 and 2030. The TechoGarden scenario shows a 10% decrease because a high level of nitrogen removal from sewage was assumed and a lower level of nitrogen oxide emissions and nitrogen deposition were computed for this scenario.
PROVISIONING ECOSYSTEM SERVICES
The MA has classified ecosystem services into four categories: provisioning, regulating, supporting, and cultural services (MA 2003) . In this paper, we focus on the services and indicators amenable to modeling analysis. We begin with estimates of provisioning ecosystem services, which are services that produce goods directly consumed by humans. According to MA (2003) In the following paragraphs, we present results for the three provisioning services that can at least partly be quantified with existing global models: food, freshwater, and fuel.
Food Consumption and Production

Scenarios of food demand and production
Food is obviously one of the most important services provided to society by terrestrial and aquatic ecosystems. To describe these services, we use indicators that are related to both demand and supply of food. The IMPACT model, used for agricultural calculations (Rosegrant et al. 2001) , mimics the complex relationships in the world's agriculture system. The main drivers of the model are global and regional demands for food. The higher the future investments in agriculture, the faster the technological developments in this sector and the greater the inputs such as fertilizer or irrigation, and hence the higher the crop yields. The higher the national income per person, the greater the per capita purchasing power, and hence the higher the food demand, up to some saturation level (depending on a system of supply and demand elasticities). Higher http://www.ecologyandsociety.org/vol10/iss2/art19/ domestic prices stimulate more food production as well as international food trade, and open trade policies lead to cheaper imports and more costeffectively grown crops, and eventually lower food prices. These assumed modeling relationships are combined with scenario assumptions about future population and income growth, dietary preferences, trade policies, and other variables to compute a unique pathway for food consumption and production for each country or group of countries in the world.
A key indicator of services provided by agriculture is the consumption of food per person. This is a good indicator for regions suffering from chronic malnutrition, such as Sub-Saharan Africa, but less relevant for the Organization of Economic Cooperation and Development (OECD) and other richer regions, where average consumption is already high and where diet quality and obesity are more important issues. All scenarios show small increases in the grain consumed per person, going up fastest in the Global Orchestration scenario because of higher income growth and greater average per capita purchasing power. Global trends, however, mask large regional differences (Fig. 2) . Large increases in consumption in Asia indicate increasing well-being, whereas smaller increases in Sub-Saharan Africa indicate continuing gaps in food availability. In other regions, food consumption reaches saturation levels.
The demand for meat reflects both increased purchasing power and changing food preferences (Fig. 3 ). An increase in meat consumption also has a magnifying effect on cereal consumption because new livestock require additional feed. Meat consumption is highest under Global Orchestration because of higher income and fast production growth, with great variations between regions, depending on cultural preferences for meat vs. nonmeat products. A lower preference for meat in developed countries for health reasons leads to a lower increase in meat consumption in TechnoGarden. Under all scenarios, meat consumption remains low in Sub-Saharan Africa.
The total production of food and feed in different regions is another indicator of the services provided by agricultural systems. The rapid increase in meat consumption in most of the developing world drives increased cereal demand as livestock feed. All scenarios show large regional changes in cereal production (Fig. 4) , which has important implications for the future intensity and expansion of agricultural land. Asia shows the largest changes in production because of large changes in both income and population, whereas the large increases in Sub-Saharan Africa stem primarily from population rather than economic growth.
Scenarios of land-use changes
Food production requires land, and thus has an important impact on the provision of other ecosystem services. Expansion of agricultural land at the expense of natural grassland or forest is likely to eliminate many of the ecosystem services provided on this land. Conversely, the abandonment of agricultural land in high-income regions opens up the possibility of providing new services on this land if grassland or forest are re-established. The amount of agricultural land needed in different regions in the future depends on the computed food production, food trade, food prices, technology, suitability of land, and competition for land. These factors are taken into account by a combination of the IMPACT (Rosegrant et al. 2001 ) and IMAGE 2.2 models (Alcamo et al. 1998 , IMAGE Team, 2001 ). These models are used to compute the amount of cropland and pastureland needed to satisfy the production of food (Fig. 5 ).
Agricultural land decreases in area in OECD and former Soviet Union (FSU) countries under most scenarios because of stabilizing population, saturating per capita food demands, and increasing crop yields due to technological developments (Fig.  5) . The largest expansion of agricultural land occurs in developing countries under the Order from Strength scenario because of high population growth and low agricultural investments, leading to slower improvements in crop yield. Moreover, barriers to world food trade in this scenario imply inefficiencies in crop production. Under this scenario agricultural land in Sub-Saharan Africa increases from approximately 11 to 17 Mha between 2000 and 2050, which causes a major shift in ecosystem services from natural grassland and forest to agricultural land.
The second highest expansion of agricultural land in developing countries occurs under the Global Orchestration scenario because of increases in food production driven by economic growth (despite higher crop yields and more intense world food trade). The lowest expansion of agricultural land occurs under the Adapting Mosaic scenario, where food production is relatively low, and the TechnoGarden scenario, where increasing crop yield keeps up with increased food production (Fig.  5) . These trends are also reflected in changes of forest cover. Order from Strength has the highest deforestation rate, and Adapting Mosaic and TechnoGarden the lowest. The four scenarios indicate that a total of 10% to 20% of current grassland and forest area (warm mixed forests, tropical woodlands, and tropical forests) may be lost by 2050, mostly because of the expansion of agricultural land. The global trends are a net result of slow reforestation in the temperate zones, and strong deforestation in the tropical zones. The biodiversity impacts of these land-use changes have been estimated by Sala et al. (2005) .
Major uncertainties
The scenarios as a whole show significant increases in global food production. But the global picture masks significant regional variations. A lag in purchasing power implies that food deficiencies and child malnutrition may continue to trouble much of Sub-Saharan Africa. Later, we also point out the risks to world agriculture posed by increasing soil erosion, water stress, and other ecological sideeffects. The MA's Conditions and Trends Report (MA, 2005) points out an additional uncertainty in the estimates of land-cover change, namely, the lack of consistent, replicable data on the extent of forests and other land-cover types that can be tracked over time.
Fish Consumption and Production
Scenarios for fish consumption and production
Because fish are an important protein source for much of the world, fish supply is an important service provided by aquatic ecosystems. Future global consumption of fish under the MA scenarios is estimated with the IMPACT model, and fish production is computed using the EcoSim/EcoPath over the same period. Fish consumption also increases under the other scenarios. It is not clear, however, whether this increasing demand can be met by world fisheries, because many important fishing areas are already fully exploited or overharvested (Pauly et al. 2003) . In recent decades, growing fish consumption especially in Asia has been fulfilled by the rapid expansion of aquaculture (a global increase from 2 to 25 Mt a -1 between 1973
Ecology and Society 10(2): 19 http://www.ecologyandsociety.org/vol10/iss2/art19/ Pauly et al. 2003) This has had an important effect on marine fisheries because a large fraction of feed for aquaculture comes from fish meal and fish oil derived from marine species. Hence, the future source of feed for aquaculture is an important uncertainty. For its fish production estimates, the EcoSim/EcoPath model takes into account not only the future source of feed for aquaculture, but also future subsidies for the fishing industry, the management objectives of fishing (either to optimize employment or profits), and the impact of climate change on shifts in species distribution and abundance (Pauly et al. 2003) . For all scenarios, fish catch (by weight) is maintained in the North Benguela fishery, not maintained in the Central North Pacific, and has mixed results in the Gulf of Thailand (Fig. 6) . The overall message of these results is that it is uncertain whether future demands for fish can be sustainably provided by either aquaculture or marine fisheries.
Major uncertainties
A major uncertainty of the foregoing calculations is the lack of a consistent global modeling approach that combines both detailed demand and supply calculations, and that also factors in possible global ecological constraints to fish production. Our analysis indicates that another major uncertainty is the question of whether global aquaculture can partly substitute for capture fishing-without creating new pressures on ecosystems.
Services from Freshwater Systems
Scenarios of freshwater availability and use
Freshwater ecosystems provide society with the essential services of water supply for its sustenance, economic activity, and recreation, as well as habitat for its freshwater fishery. The WaterGAP model, used to quantify freshwater-related ecosystem services, computes water availability on a grid and river basin scale by taking into account precipitation/snowmelt, evaporation, groundwater storage and runoff. The model estimates future water withdrawals according to changes in income, population, and electricity demand (Alcamo et al. 2003a (Alcamo et al. , 2003b .
As one indicator of freshwater services, we use water availability-the total volume of water in a river basin that is annually renewed by precipitation and theoretically available to support society's water uses, as well as habitat for freshwater ecosystems. In reality, society can exploit only a small fraction of this volume because of geographic and temporal constraints or lack of storage facilities.
Water availability increases up to 2100 over most river basins and all scenarios because of a net increase in precipitation related to climate change (Fig. 7) . (We use 2100 here rather than a time horizon of 2050 to illustrate the longer-term impacts of climate change, which are likely to intensify over the course of the century.) Differences between scenarios are not large because the climate system responds to cumulative emissions, which are not very different between the scenarios. Although most regions have a net increase in water availability, our analysis indicates a decrease of runoff in the already arid and water-short Middle East and Northern Africa (MENA). It should be noted that, although a net increase in precipitation tends to increase overall water availability, it may also lead to an increase in extremely high runoff events (see, e.g., Lehner et al. 2005 ).
As water availability indicates the volume of water theoretically exploitable, water withdrawals indicate the volume used by society to fulfill its domestic, industrial, and agricultural needs. (Scenario results for the freshwater fishery are shown elsewhere; Xenopoulous et al. 2005.) Compared with availability, water withdrawals show large changes over time between current conditions and 2050 (Fig. 7) . Strong economic growth coupled with an increase in population leads to a worldwide increase in withdrawals of around 40% under the Global Orchestration scenario. But the changes are only slight in the OECD, MENA, and FSU because of compensating effects: improving water efficiency tends to lower water use whereas economic and population growth tends to increase it. Under the TechnoGarden scenario, strong structural changes in the domestic and industrial sectors and improvements in the efficiency of water use in all sectors lead to decreases in water withdrawals in OECD and FSU countries and slower increases elsewhere compared with other scenarios. Although the Adapting Mosaic and Order from Strength scenarios do not have the largest economic growth, they have the largest withdrawals because of slower improvement in the efficiency of water use and faster population growth. Increases in developing countries from 1995 to 2050 are very large, especially in Latin Ecology and Society 10(2): 19 http://www.ecologyandsociety.org/vol10/iss2/art19/ We have seen that net water availability will increase in nearly all regions (with the important exception of the MENA) because of climate change, and that water withdrawals will very greatly increase in Sub-Saharan Africa and Latin America. From the perspective of ecosystem services, these results imply an increase in services delivered by freshwater systems. But we have not yet examined the capability of freshwater ecosystems to deliver these services. As an indirect indicator of this capability, we assess the changes in water stress resulting from the computed changes in water availability and withdrawals. The concept of water stress is used in many water assessments to obtain a first estimate of the extent of society's pressure on water resources. As in other assessments (Alcamo et al. 2000 , 2003b , Cosgrove and Rijsberman 2000 , Vörösmarty et al. 2000 , Takahashi et al. 2001 , it is assumed here that the higher the level of water stress, the greater the limitations to freshwater ecosystems, and the more likely that chronic or acute shortages of water supply will occur. § Simulations for Global Orchestration in 2050 (Fig.  8) show that much of northern and southern Africa, as well as central and southern Asia, are in the "severe water stress" category. Some areas, especially in OECD countries, fall out of the severe stress category because of stabilizing withdrawals and increasing water availability due to higher precipitation under climate change. Currently, about a total of 18% of the world's river basin area falls into this category, having a population of about 2.3 billion people. Although the net area under severe water stress does not change significantly up to 2050, the number of people living in these river basins increases up to 4.9 billion under Global Orchestration, and 5.3 to 5.5 billion (about 60% of the world's population in 2050) under Adapting Mosaic and Order from Strength (because of the growth of developing country populations). With regard to changes in time, most river basins in the developing world have increasing water stress because of sharp increases in water withdrawals.
A particularly important aspect of increasing water stress is the likely increase in water pollution loadings to surface and groundwater, and the resulting risk of water contamination and reduced habitat of aquatic ecosystems. As a surrogate of water pollution loading, we compute return flows, which are the difference between withdrawals and consumption, and therefore, provide a rough estimate of the magnitude of wastewater discharged into the receiving water in a river basin. For the range of scenarios considered here, total return flows increase worldwide between 1995 and 2050 from 42% to 200%, depending on the scenario, with the largest increases in Latin America (factor of 2 to 3) and Sub-Saharan Africa (factor of 3.5 to 5.5). The river basin area where return flows will double between 1995 and 2050 ranges from approximately 48.2 to 76.2 million km 2 (depending on the scenarios) and contains from 3.9 to 6.7 billion people in 2050 (Fig. 8) .
Major uncertainties
Although increasing withdrawals indicate increased freshwater services, especially to households and industry, the reliability of these services is not assured. The expansion of areas under severe water stress, as well as the intensification of water stress throughout most of the developing world, indicate increasing competition for water resources, and in some river basins, more frequent disruption of water supply. The unprecedented increases in return flows, especially in Latin America and Sub-Saharan Africa, will lead to large-scale degradation of water quality and interference with the delivery of freshwater services unless these return flows are subjected to wastewater treatment.
Future Fuels from Nature: Modern Biofuels
Scenarios of modern biofuel use
Terrestrial ecosystems provide society with a range of fuels, from fuelwood and peat to modern biofuels derived from agricultural and forestry wastes, as well as energy crops such as maize, sugar cane, and elephant grass. Traditional forms of biofuel such as fuelwood still represent a major share of the global energy system, but the MA scenarios assume that they will be gradually replaced by other energy carriers. At the same time, the scenarios assume an expansion of modern biofuels as a substitute for fossil fuels in order to reduce greenhouse gas emissions, and because biofuel prices may become cheaper as the reserves of oil and other fossil fuels are depleted.
The AIM model, used here to estimate future biofuel production, makes a comprehensive estimate of the Ecology and Society 10(2): 19 http://www.ecologyandsociety.org/vol10/iss2/art19/ future consumption and mix of all modern fuels in different world regions (Kainuma et al. 2002) . Preferences for biofuels and other energy carriers are determined by their future prices. An energy carrier is also assigned an environmental premium if it produces comparatively low emissions. Future investments in energy technology steadily increase the efficiency of energy use and biofuel production.
The scenarios show that Asia, the MENA, and SubSaharan Africa are expected to have the largest increases in modern biofuels production because of their access to relatively cheap and productive land for growing biofuel crops, which gives biofuels a future price advantage over other energy carriers (Fig. 9) . All regions show a large increase in biofuel production under Global Orchestration (a factor of seven worldwide) because of the more rapid depletion and higher prices of fossil fuels under this scenario. The total energy demand is also higher in this scenario because of strong economic growth. The next largest production occurs under http://www.ecologyandsociety.org/vol10/iss2/art19/ TechnoGarden (an increase of a factor 5 worldwide) because it is assumed here that fossil fuels are replaced by biofuels in order to reduce greenhouse gas emissions. Biofuel production is lower in the other scenarios because of their lower energy demands and greater requirements for food, which leads to stronger competition for land.
Major uncertainties
Although the preceding calculations show the high potential demand for future biofuels, it is also important to take into account factors that may limit the future supply of biofuels. One important factor, competitive land use, was included in the calculations, but other factors, such as the possible impact of biofuels on soil, water, and regional air quality, were not included.
REGULATING ECOSYSTEM SERVICES
Regulating ecosystem services, as defined by the MA (2003), are services provided by ecosystems in the form of regulation of environmental conditions. These include: Here, we focus on climate regulation and erosion control, which are especially amenable to quantitative analysis using existing models.
Climate Regulation and Carbon Storage
Scenarios of climate regulation and carbon storage
The biosphere plays an active role in regulating climate by influencing the mass, energy, and moisture fluxes between the biosphere, ocean, and atmosphere. Among its many influences, the biosphere respires and takes up CO 2 , absorbs solar radiation, and re-emits or reflects it back to the atmosphere. The biosphere also retains precipitation on plant surfaces, evaporates it back to the atmosphere, and transpires moisture from the soil to the atmosphere. According to current estimates, the global biosphere is actively slowing down climate change by absorbing more CO 2 from the atmosphere than it releases, thereby retarding the accumulation of CO 2 in the atmosphere (Schimel et al. 2001) . Currently, the terrestrial biosphere each year takes up between 2 and 4 Gt more carbon than it emits (Schimel et al. 2001) . This is only a temporary and highly variable condition, however, caused by a net increase in forested area and increasing plant productivity stimulated by higher atmospheric CO 2 levels and increasing temperatures. It is now believed that the biosphere may shift from being a net sink to being neutral or even a net source of CO 2 over the time scale of decades, depending on long-term climatic cycles and shorter-term human interventions (Cramer et al. 2001 ). This change could enhance the radiative forcing related to greenhouse gases and hence accelerate climate change.
In our analysis, we have estimated one aspect of the biosphere's capability to regulate climate, namely its net primary productivity (NPP). This is a measure of the carbon taken up through plant photosynthesis in the biosphere (and taken up from the atmosphere) minus the CO 2 released through respiration of flora and fauna. As noted below, the long-term NPP is an incomplete measure of the regulatory capacity of the biosphere, because soil respiration may also change in response to climate change and land use. http://www.ecologyandsociety.org/vol10/iss2/art19/ In the IMAGE 2.2 model, NPP is simulated in time on the basis of changes in the various carbon pools of the biosphere, including impacts of climate and land-use change. The various MA scenarios show an increase in NPP from about 61.4 Gt C a -1 in 2000 (within the typical range of other estimates; cf. Cramer et al. 1999 ) to 70.4 to 74.6 Gt C a -1 in 2050. The largest increase occurs under the Global Orchestration scenario because it has the fastest increases in atmospheric CO 2 and temperature, which stimulate plant growth in the biosphere and further enhance its uptake of CO 2 from the atmosphere. Conversely, the TechnoGarden scenario has the smallest carbon uptake because it has the slowest increases in CO 2 and temperature.
Major uncertainties
Although NPP is increasing in all scenarios, it is an incomplete measure of the capability of the biosphere to regulate climate because it does not take into account the effects of natural disturbances on the biosphere (fire, windstorms, etc.) nor the potentially changing influence of soil organisms on atmospheric CO 2 . It also omits other factors that could affect the future capability of the biosphere to regulate climate, for example, the impact of future changes in vegetation on fluxes of energy and moisture between the biosphere and atmosphere. In addition, the response of the biosphere to changes in future CO 2 and temperature are not well understood, and hence it may be incorrectly represented in current models (cf. Cramer et al. 2001) . Apart from these uncertainties, the future uptake of CO 2 in the biosphere may very well be determined by future forestry practices and "carbon plantations" explicitly grown to enhance the uptake of CO 2 from the atmosphere.
Erosion Control and Soil Degradation
Scenarios of changing risk of water-induced soil erosion
Erosion of land surfaces often increases sediment loads of rivers and streams, and can interfere with navigation and water supply associated with these waters (United Nations Environment Programme (UNEP) 2002). Soil erosion is also an important cause of degradation of agricultural land. Estimates of losses in global crop productivity caused by erosion during different periods range from about 0.5% to 12.7% (Crosson 1994 , Oldeman 1998 , den Biggelaar et al. 2004a , 2004b . Therefore, the overall capability of soil ecosystems to control erosion is viewed as a key regulating ecosystem service. Here, we evaluate future trends in erosion control by assessing changing risk of soil erosion.
Soil erosion takes different forms, including water erosion, wind erosion, physical compaction, salinization, and various forms of chemical degradation. In our analysis, we focus on water erosion because of its worldwide importance. Using the methodology of UNEP's Global Environmental Outlook (Hootsman et al. 2001, Potting and Bakkes 2004) , we calculate an index of risk of water erosion based on the erodibility of terrain (a function of soil and terrain properties), rainfall erosivity (dependent on monthly precipitation), and land-cover pressure (which ranges from large for most types of agricultural land to small for most other land covers). In Fig. 10 , we present results for the area deemed to have high risk of water erosion. The differences between scenarios are not as great as differences between regions. In Sub-Saharan Africa, the area under high risk of water erosion approximately doubles under all scenarios between 1995 and 2050 because of a net increase in precipitation, the widespread replacement of natural vegetation, and the expansion of agriculture onto terrain susceptible to water erosion. Substantial but less extreme increases in the area under risk occur in Latin America and Asia. The Order from Strength scenario has the highest risk of water erosion because more natural vegetation is replaced by agriculture in this scenario than in other scenarios, and because it experiences a large increase in precipitation.
Major uncertainties
The estimation of risk of water erosion does not take into account management practices that have an important effect on the rate of water erosion. On one hand, the risk of erosion is magnified by soil tillage and other mechanical disturbances. On the other hand, it can be minimized by conservation measures, such as contour plowing and terracing. 
MAIN FINDINGS ACROSS THE SCENARIOS The Magnitude of Ecosystem Services Increase, but Their Reliability is Unclear
The results for future ecosystem services can be interpreted as the demand and supply sides of a balance sheet. The demand side presents a mostly optimistic view of the future, with the demand for services, such as food, water, and fuels, expanding across all scenarios and for almost all categories and regions. The largest increases occur under the Global Orchestration and TechnoGarden scenarios, where income steadily grows, augmenting the purchasing power of individuals, and society invests heavily in technology and reduces trade barriers so that resources and services are cost-effectively extracted from nature. Up to 2050, global cereal consumption increases by a factor of 1.5 to 1.7 (depending on the scenario), fish consumption (up to the 2020s) by a factor of 1.3 to 1.4, water withdrawals for households, industry, and other uses by a factor of 1.2 to 1.8, and biofuel production by a factor of 5.1 to 11.3. But some consumption gaps remain between regions and countries, and food security in Sub-Saharan Africa remains particularly low.
The view from the supply side of the balance sheet is less optimistic because the increase in ecosystem services incurs new costs, and the capability of ecosystems to supply these services is uncertain: q Although the demand for food and biofuels grows, there are signals of continuing or impending difficulty in producing the needed crops: soil erosion sharply increases in SubSaharan Africa under most scenarios, and agricultural production in the MENA may be at higher risk because climate change decreases the water available for crop http://www.ecologyandsociety.org/vol10/iss2/art19/ irrigation (perhaps requiring more food imports).
q
The global demand for fish grows, but it is questionable whether marine fisheries can keep up with this demand (even taking into account an increase in aquaculture-produced fish). For instance, our simulations indicate that ecological limits will make an increase in production unlikely in two out of the three important marine fisheries that were examined. q Although increasing income will make it possible to deliver freshwater services to many more households and industries in the future, a consequence of increasing water withdrawals will be a significant intensification of water stress throughout most of the developing world.
Although our simulations raise doubt about the reliability of future ecosystem services, they do not indicate the likelihood that thresholds or breaking points in nature will be reached. Such thresholds are difficult to identify globally, and data deficiencies make it difficult to include the non-linear dynamics needed to simulate breaking points with the current generation of global models. Yet the new generation of global models should deal with these issues because large-scale ecological thresholds and breaking points have already been documented. For example, large fisheries have abruptly collapsed in many coastal areas (Jackson et al. 2001) ; El Nino events have been related to serious cholera outbreaks in the Horn of Africa (Anonymous 1998) and Bangladesh (Pascual et al. 2000) ; and the introduction of the zebra mussel into aquatic systems has caused substantial economic damage in the United States (Ram et al. 1992) . Other plausible future breaking points have been hypothesized as part of the storylines of the MA scenarios .
Tradeoffs between Services Will Intensify
Not only do the scenarios raise some doubt about the feasibility of the expansion of services, but they also imply that one service may be gained at the expense of another. In developing countries, increased production of food and biofuels will be achieved at least partly by expanding agricultural land, and at the expense of uncultivated natural land.
Our simulations show that, as a rough first estimate, between 10% and 20% of current grassland and forest land could be lost between 2000 and 2050, mainly due to the expansion of agriculture (and secondarily, because of the expansion of cities and infrastructure) (Fig. 5) . The ecosystem services associated with this land (genetic resources, wood production, habitat for terrestrial biota and fauna) will be lost. Where agricultural practices are intensified, the side effects of this intensification (contamination of groundwater, transport of nitrogen to coastal zones) could limit the ecosystem services provided by groundwater, surface waters, and the coastal zone (fishery, recreation).
Another important tradeoff is expected for freshwater services. The scenarios project a much higher delivery of freshwater services to households and industry, especially in developing countries. In particular, the development of water infrastructure and delivery of clean water to households in developing countries can significantly reduce water-related diseases. But a spinoff of increased withdrawals will be large increases in return flows (wastewater), especially in Latin America (factor of 2 to 4) and Sub-Saharan Africa (factor of 3.6 to 5.6) between 1995 and 2050. Where return flows are discharged untreated into surface waters and groundwater, they will pose a risk of contamination for society and reduce the habitat suitable for freshwater fish and other organisms. It would be ironic if improved delivery of freshwater services to households would cause a deterioration of other freshwater services. Ecosystem tradeoffs are further elaborated by Rodríguez et al. (2005) .
More Rapid Changes Will Occur in Some Hotspot Regions
The simulations suggest that three parts of the world in particular may undergo faster changes in ecosystem services than other regions. These regions merit special monitoring and attention from the scientific community:
q Central Africa-The demand for food and water could rapidly expand in the central part of Africa as part of the economic development of this region. A fraction of increased food demand is likely to be provided by expanding agricultural land onto forest and grassland at the likely expense of http://www.ecologyandsociety.org/vol10/iss2/art19/ services provided by these biomes (disease regulation, fuelwood, medicinal products). Another part of increasing food demand will come from intensification of farming (including higher inputs of nitrogen fertilizer and pesticides), and this poses increased risk of contamination of surface and groundwaters. Meeting the rapid growth in water demand will require unprecedented investments in new water infrastructure, and under some scenarios, this will cause a rapid increase in untreated return flows to freshwater systems.
q Middle East-The simulations indicate that rapid population growth and rising incomes in MENA countries could lead to a still higher level of dependency on food imports. The pressure on remaining ecosystems as result of land scarcity is likely to increase. Water availability may decrease as a result of climate change. Rising incomes will also put further pressures on limited water resources and this could either stimulate innovative approaches to water conservation or limit economic development.
q South Asia-The simulations point toward continuing deforestation in this region, as well as increasingly intensive industrial-type agriculture, rapidly increasing water withdrawals and return flows and further intensive water stress. This is one of the regions most likely to reach breaking points in its ecosystems.
NEXT STEPS
The simulations have shown a positive balance of increasing demand and supply of ecosystem services, especially in developing countries. However, this comes at the cost of increased risks and tradeoffs of services. The challenge then is how to cope with these risks and avoid the curtailment of ecosystem services. For a comprehensive review of response strategies, the reader is referred to the MA's analysis of 74 response options (Chopra and Leemans 2005) . Here, we make three specific recommendations:
Strengthen Global Early Warning Systems
Faced with high risks to ecosystem services, a wise strategy would be to strengthen efforts to develop global early warning systems for detecting thresholds and breaking points in nature's provision of services. (The MA's Conditions and Trends Report (2005) also identifies the need to better understand "the structural and dynamic characteristics of systems that lead to threshold and irreversible changes.") We believe that scientific understanding can be combined with earth observation technology to give an early indication of risks to food production, water availability, and other vital ecosystem services, and to enable a timely response to these risks.
Add a Foresight Component to the Implementation of Ecosystem-related International Treaties
Current treaties having to do with the world's ecosystems (Convention on Biodiversity, Convention to Combat Desertification, Convention on the Law of the Sea, Ramsar Wetlands Convention) are primarily concerned with the protection of current global resources instead of planning for the future of these resources. We recommend, however, that Parties to these Conventions also take into account future developments in ecosystems when they develop policies to implement the conventions. This broadened perspective would help decision makers and stakeholders develop better policies to avoid future collapses in the services provided by biodiversity, wetlands, and drylands. This futures perspective can be brought into the activities around the Conventions by conducting scenario analyses of the type described in this paper or by using other foresight methodologies.
Develop New Modeling Strategies
We have found that the simulations of global ecosystems in the MA scenario study are unable to depict low-probability yet plausible breaking points in world ecosystems. This deficiency of current global models is understandable because of their coarse resolution and weak representation of nonlinear linkages in the earth system. Yet models are needed to anticipate ecosystem collapses so that policies can be developed to avoid or adapt to these collapses. The MA's Conditions and Trends Report
